One of the major challenges for agriculture is to understand the effects of agricultural practices on soil properties and diffuse pollution, to support practical farm-scale land management. Three conventionally managed grassland fields with similar short-term management, but different ploughing histories, were studied on a long-term research platform: the North Wyke Farm Platform. The aims were to (i) quantify the between-field and within-field spatial variation in soil properties by geostatistical analysis, (ii) understand the effects of soil condition (in terms of nitrogen, phosphorus and carbon contents) on the quality of discharge water and (iii) establish robust baseline data before the implementation of various grassland management scenarios. Although the fields sampled had experienced the same land use and similar management for at least 6 years, there were differences in their mean soil properties. They showed different patterns of soil spatial variation and different rates of diffuse nutrient losses to water. The oldest permanent pasture field had the largest soil macronutrient concentrations and the greatest diffuse nutrient losses. We show that management histories affect soil properties and diffuse losses. Potential gains in herbage yield or benefits in water quality might be achieved by characterizing every field or by area-specific management within fields (a form of precision agriculture for grasslands). Permanent pasture per se cannot be considered a mitigation measure for diffuse pollution. The between-and within-field soil spatial variation emphasizes the importance of baseline characterization and will enable the reliable identification of any effects of future management change on the Farm Platform.
Introduction
Agricultural practices inevitably affect soil physical properties, plant nutrient concentrations and the potential to optimize or maximize crop production. Soil properties that are changed, subsequently affect ecosystem services such as nutrient sources, and their mobilization and delivery to surface waters. Many mitigation Correspondence: S. Peukert. E-mail: sabine.peukert@hotmail.com and the quality of surface waters today reflect, to some extent, past management rather than current management (Burt et al., 2011) . Disentangling the relation between short-and long-term management is crucial to understanding the effect of management on soil health and water quality.
Improvements in soil and water quality are often evaluated separately, even though both operate along a continuum from soil to water. An alternative approach to study the effects of management could include the entire source-mobilization-delivery continuum to identify the continuum components that have improved and those that need further improvement (Wall et al., 2011) . For example, Johnson et al. (2011) showed that plant nutrient surpluses in grasslands had been reduced, but there was no overall reduction in nutrient concentrations in surface water. This suggested that potential nutrient sources might have reduced, but their mobilization rates needed further mitigation efforts.
Detecting an improvement in soil and water quality by management is often limited by poor understanding of the conventional pre-mitigation management, to which post-mitigation data can be compared. Before any new management practice can be quantified, a baseline understanding or characterization of the status quo of the conventional management of both soil properties and resulting water quality is essential (Breuer et al., 2006) . Some water quality studies use paired catchment studies that involve baseline characterization (Schilling et al., 2013) . Soil studies, however, often compare soil properties between sites with different land uses without baseline characterization and rely on the fundamental assumption that the sites were similar in terms of soil properties prior to land-use change (Breuer et al., 2006) . We consider here that incorrect inferences might be made about management effects without analysing those effects in relation to baseline conditions. It is not just the average soil condition in a field that might change as a result of management, but also the spatial distribution of soil properties. Spatial variation exists in agricultural fields in spite of uniform fertilizer applications, uniform vegetation cover and uniform soil physical management within fields (McCormick et al., 2009; Peukert et al., 2012) . This spatial variation needs to be quantified both between and within agricultural fields so that any change in either the overall mean or in the spatial distribution of soil properties can be attributed to changes in management . Consequently, it is necessary to adopt an appropriate sampling strategy to achieve this.
Conventionally managed grassland fields with similar short-term management, but differences in long-term management history, were studied to address the following objectives.
1 To characterize within-and between-field spatial variation of soil physical and chemical properties in an intensively managed grassland. 2 To characterize between-field differences in hydrology and water quality in terms of sediment and the macronutrients N, C and P in relation to between-field differences in soil properties and other site characteristics (topography and management),
3
To establish a suitable baseline characterization between future control and treatment sites in terms of soil and water properties.
Methods
Soil and water were sampled on the Rothamsted Research 'North Wyke Farm Platform' in southwest England (Figure 1 ). The soil was sampled in June 2012 and water was sampled between April 2012 and 2013. The Farm Platform comprises 15 fields subdivided into three equal-sized farmlets that were under similar management during the sampling period, but which will be subjected to different management strategies in the future. Each Farm Platform field is hydrologically isolated so that water leaving the field by subsurface and surface flow is channelled by French drains into flumes, where both water quantity and quality are monitored. The three largest fields (∼6.5-7.5 ha) in each farmlet were chosen for this study: field 2, Great Field; field 5, Orchard Dean; field 8, Higher and Middle Wyke Moor (Figure 2 ). Field characteristics such as soil types, topography and management are presented in Figure 2 and Table 1 . Please see Peukert et al. (2014) for more detail.
The fields have been grassland for the past 30 years, but vary in their ploughing and reseeding history. Field 5, the northern part of field 2 and the eastern part of field 8 have been permanent pasture for 30 years, whereas the southern part of field 2 and the eastern part of field 8 were ploughed and reseeded in 2007 and 1993, respectively. The fields were managed conventionally for intensive cattle and sheep production, which involved grazing or grass cutting for silage (Peukert et al., 2014) . Inorganic fertilizer and manure inputs for each field are listed in Table 1 . Inorganic fertilizer and manure were applied in accordance with the Code of Good Agricultural Practice (DEFRA, 2010) and the Nitrate Vulnerable Zone guidelines (DEFRA, 2008) and can, therefore, be considered to represent a standard management practice. Nutrient inputs were similar for each field, with minor differences that represent those typical of grassland systems.
Soil sampling and statistical analysis
To characterize within-and between-field spatial variation (objective 1), the soil was sampled in June 2012. Soil bulk density (BD), organic matter (SOM), total C (TC), total N (TN) and total P (TP) were measured.
A total of 252 soil samples were taken, 84 in each field. All measurements were made on cores from 0 to 10-cm soil depth, the soil layer that comprises most of the soil-plant-water processes. Sample preparation and analysis, except for TP, followed the methods described by Peukert et al. (2012) . Total P was determined by a sulphuric acid extraction method on finely ground samples (Saunders & Williams, 1955) . In all analyses, quality control standards were used to ensure analytical quality. The ratios TC:TN, TC:TP and TN:TP were calculated for each field.
To characterize within-field spatial variation of soil properties, a nested sampling pattern was chosen for each field. All geostatistical analyses were undertaken with GenStat 16th edition (VSN International, Hemel Hempstead, UK). The statistical distribution of the data was determined by calculating the skewness coefficient and examining the data for outliers. We removed outliers only if they could be explained. No transformation of the data was required. Linear and quadratic surfaces were fitted to the data to identify any spatial trend present (Oliver & Webster, 2014) . A trend is smooth variation where the mean changes predictably according to geographical location; it violates the assumption of randomness that underpins geostatistical theory. Experimental variograms were computed by Matheron's method of moments:
where (h) is the semivariance, half the average of the squared differences between values, z(x j ) and z(x j + h) of z at places x j and x j + h, separated by the lag distance h, a vector in both distance and direction and m(h) is the number of paired comparisons at lag h. Different lag distances and maximum lag distances were tested to ensure that the experimental variogram was computed reliably. If the experimental variogram increases without bound and increasingly steeply at longer lag distances or has a concave form near to the origin, it might indicate a possible trend in the underlying process. Furthermore, if variograms of the residuals from the fitted linear and quadratic surfaces show spatial structure (Oliver & Webster, 2014) , this would indicate a departure from stationarity and would require a different approach to compute the variogram based on residual maximum likelihood (see Webster & Oliver, 2007 , for more detail).
There was no evidence of a trend in the experimental variograms of the raw data for fields 5 and 8, therefore, we fitted several variogram models to the experimental variograms, for example spherical, exponential and power functions. The models were assessed by cross-validation and those with the smallest mean squared errors were chosen for further analyses (Oliver & Webster, 2014) . The spherical model provided the best fit to all of our experimental variograms; the equation in its isotropic form is given by:
where h is the lag distance, c 0 is the nugget variance, c is the sill of the spatially dependent component and r is the range of spatial dependence. Where there was evidence of trend in the soil properties of field 2, there was little spatial structure in the residuals from the fitted surfaces. Values between sampling sites were predicted by kriging in GenStat for eventual mapping of the spatial distribution of the variables. Values were predicted over 5 m × 5 m blocks in each field at a grid interval of 5 m. The kriged estimates were imported into ArcGIS 10 (ESRI, Redlands, CA, USA) for mapping. To predict soil properties with underlying trend, but no spatial structure in the residuals, inverse distance weighing was used in ArcGIS. To avoid over-smoothing of the data by inverse distance interpolation, we used a maximum of four nearest neighbours only. The individual maps of prediction for each field were combined with the mosaic tool in ArcGIS 10 so that the values had the same colour classification.
We used boxplots to assess between-field variation visually. It is difficult to test for differences because the samples are spatially dependent and were not sampled at random, but were sampled systematically on a grid. To identify possible underlying causes of within-field variation: (i) known physical site characteristics (e.g. topography) and past and present management records were consulted to interpret the effects of land management on soil properties and (ii) spatial patterns were identified in the maps of prediction and compared visually with previous and current split management in each field.
Hydrology and water quality monitoring
To characterize between-field differences in hydrology and water quality (objective 2), monitoring was undertaken between June 2012 and April 2013. In summary, hydrology (rain and discharge) and the water quality variables TC, total oxidized nitrogen-N (TON N ), TP and suspended sediment (SS) were monitored by automated, semi-automated and manual methods. Griffith et al. (2013) describe the instrumentation of the Farm Platform and Peukert et al. (2014) describe the specific instrumentation, methodology, data management and quality assurance.
Paired t-tests were computed in GenStat to test for between-field differences in hydrology and water quality following Schilling et al. (2013) . Although the data were not sampled at random, we followed others in the use of paired t-tests on our time-series measurements (Jokela & Casler, 2011; Schilling et al., 2013) . To identify potential causal mechanisms, such as between-field differences in soil properties, topography and resulting hydrology, the differences in soil properties and topography and hydrological characteristics were compared with the between-field differences in nutrient losses. For example, we assessed whether the field with the largest soil TP content also had the greatest TP losses in discharge water.
To establish a suitable baseline characterization between future control and treatment sites in terms of soil and water properties (objective 3), we (i) used the results of objective 1 and (ii) determined the suitability of the sampled fields for a paired catchment approach. We correlated pollutant (TON N , TP and TC) concentrations in the water between pairs of fields (Schilling et al., 2013) to determine whether the fields respond to rain in similar ways (comparing slopes and intercepts) in terms of flow and pollutant concentrations. The latter is an important prerequisite for paired field and catchment studies (Schilling et al., 2013) .
Results

Characterization of between-and within-field soil spatial variation
Spatial variation was detected both between and within the fields sampled (objective 1). Mean soil properties were different between the fields (Table 2 and The spherical function provided the best fit to the experimental variograms of fields 5 and 8 (Figure 3 and Table 3 ) and these were used for kriging. Figure 4 shows the maps of the kriged predictions; these are bounded by the extent of the sampling. Kriging errors become large at the edges of the sampled area and beyond, and are smallest where the sampling is most dense ( Figure 5 ).
Within-field variation of soil properties, based on the variogram ranges, occurred over distances of 41.9 m (SOM) to 129.2 m (TP) in field 5, and over distances of 93.7 m (BD) to 173.7 m (SOM) in field 8 (Table 3 ). Figure 4 shows that the spatial variation of the soil properties in field 5 is more uniform than that for the other two fields. Bulk density, SOM and TC concentrations (Figure 3a-c) are slightly larger in the centre of field 5 and towards the northeast. Figure 4 shows that field 8 has different patterns of variation in the eastern and western parts of the field; these areas were managed differently. The eastern part has larger SOM, TC, TN and TP concentrations (Figure 4b-e) . This part of the field is also at a lower elevation and there is an area of larger BD around the fence than in the rest of the field (Figure 4a) .
A quadratic south-north trend was detected in field 2 for each soil property; it explains between 30.3 and 62.8% of the variation (Table 4 ). There was no spatial structure in the residuals after the trend surface had been fitted. Therefore, values for field 2 ( Figure 4) were predicted by inverse distance weighting and are likely to be less accurate than those predicted by kriging in fields 5 and 8. The north-south trend is evident in the maps of field 2 (Figure 4 ). The northern and southern parts of field 2 have different patterns of variation that relate to the historical split management. Figure 4 (a-d) shows that the northern part of the field contains more SOM, TC and TN and has a smaller BD than the southern part. In contrast, TP concentrations (Figure 4e ) are large in the north and south with smaller concentrations between.
Characterization of between-field differences in hydrology and water quality in relation to between-field differences in soil properties and other site characteristics
The three fields were different in terms of mean discharge, mean TON N and TP concentrations, field 2 was different from fields 5 and 8 in terms of suspended sediment, and field 5 was different in terms of mean TC concentrations (Table 5 ) (objective 3). Field 5, with the largest runoff coefficients, slope and plant nutrient concentrations (Table 2) , had the largest mean nutrient concentrations and loads in its discharge water (Table 5 ). The relations of between-field differences in soil properties and differences in the properties of water quality were not linear for fields 2 and 8.
Establishment of a suitable baseline characterization between future control and treatment sites
The results of objective 1 characterize the soil baseline and fields were paired to establish a baseline in terms of hydrology and water quality (objective 3). The fields were different in terms of soil characteristics ( Table 2 ). The paired future control and treatment fields were strongly correlated in terms of rain (r ≈ 0.84), which suggests that rain occurs at the same time because of close proximity, and discharge (r ≈ 0.95), which indicates that the fields' hydrology is similarly affected by rain (Table 6 ). The paired future control and treatment fields had strong correlations for the water quality properties (r = 0.68-0.83) (Table 6 ), which suggests that mobilization and delivery of SS, TON N , TP and TC occur at the same time throughout the time series.
Figure 4
Soil spatial distribution maps made by inverse distance weighting for field 2 and by kriging for field 5 and field 8 (except for TP in field 8, which was mapped by inverse distance weighting). Boxplots show the between-field differences in means of each soil property. The field boundary (pre 2010) in field 2 and the fence between the eastern and western parts in field 8 are shown. The boxplots indicate the lower and upper quartiles, the median and the whiskers ± 1.5 times the interquartile range. Dots indicate the 5th and 95th percentiles.
Discussion
Characterization of between-field and within-field spatial variation
The fields were different in terms of soil physical properties and nutrient concentrations, in spite of similar management for at least 6 years prior to the study, and they also showed within-field soil spatial variation (objective 1). There was no spatial structure in the residuals.
down soil aggregates, mixing the topsoil with deeper soil layers and thereby increasing soil aeration, which exposes previously protected SOM to mineralization and increases decomposition of SOM and microbial turnover (Liu et al., 2006) . In contrast, nutrients accumulate at the surface of permanent grasslands because they are applied to the soil surface and not mixed with deeper soil layers (Schärer et al., 2007) . These results suggest that agricultural fields with different management histories (more than 6 years), but similar recent land use, cannot be assumed to be similar in their mean soil properties. Therefore, long-term management history should be included when interpreting soil data at this scale.
The variogram parameters of fields 5 and 8 (Table 3) suggest different within-field patterns of soil spatial variation and also differences between soil properties (Figure 4) . The ranges of spatial dependence over which variation occurs on the Farm Platform, compare with those reported for a single field in an earlier publication (Peukert et al., 2012) and those reported for other intensively managed temperate grasslands (McCormick et al., 2009) . Such within-field patterns might be affected by different management histories, but also by differences in topography that affect the movement of water and soil downslope. For example, the marked north-south trend in all soil properties in field 2 might reflect management effects such as different ploughing management of the two field areas, topography and resultant water movement downslope towards the south with the likely re-deposition of soil and nutrients. One or a combination of the following mechanisms might be responsible for the differences between the two parts of field 8 that are divided by a fence. The western part has the more recent ploughing history (last ploughed in 1993), whereas the eastern part has not been ploughed for approximately 30 years, which might have resulted in the accumulation of SOM, TC, TN and TP. Different short-term nutrient management strategies (FYM applications in the eastern part, but not in the western part, 1 year prior to sampling) might also have increased soil SOM, TC, TN and TP concentrations (Dungait et al., 2012) . In addition, the direction of water movement through the field and consequent soil erosion down the slope, in general from the western to the eastern part, is likely to have re-deposited SOM, TC, TN and TP in the east. In contrast, the central eastern area in field 5 with large concentrations of SOM, TC, TN and TP and a large BD coincided with the area where cattle congregate. The elevated BD may be caused by livestock trampling and the large concentrations of nutrients and SOM by manure inputs from the grazing livestock (Page et al., 2005; Bilotta et al., 2007) . Table 5 shows that the three fields have marked differences in terms of their nutrient concentrations (objective 1) and their mobilization potential (objective 2), which is given by the slope and runoff coefficient. The latter reflects differences in nutrient and sediment losses between the fields. Long-term management differences have affected soil properties and changed soil processes such as nutrient cycling within and between the fields.
Characterization of between-field differences in hydrology and water quality in relation to between-field differences in soil properties and other site characteristics
A long history of permanent grassland is generally considered to be the 'best' agricultural management option in terms of diffuse pollution. However, the field that has the longest history of permanent grassland in this research had the greatest sediment and nutrient losses, most of which exceeded the amounts of sediment and nutrients allowed under EU and UK water quality standards N, the number of measurements available for each correlation. (Peukert et al., 2014) . This might be explained by a combination of (i) the largest nutrient concentrations are associated with the surface accumulation of nutrients applied over time and available for mobilization and (ii) the largest mobilization potential of those nutrients to be moved. The faster the rainwater moves over or through the soil, the greater is the force of that water. Therefore, the greater is the potential of the water to erode soil and move TP and TC attached to soil particles or large organic matter particles (Gächter et al., 2004; Bilotta et al., 2010 Peukert et al., 2014) . Field 5 had the largest dissolved mineral N pool, indicated by the smallest soil TC:TN ratio, which might explain why the field had the largest TON N loss. The smaller the soil TC:TN ratio, the greater is the turnover of SOM, which increases the available nitrate pool in the soil (Mooshammer et al., 2012) . The fact that the field with the longest history of permanent pasture is the most polluting should be considered in land management guidelines and advice for future compliance with surface water quality standards. Permanent grassland management alone cannot be considered a means to resolve erosion and runoff issues in agricultural land. More detailed advice is needed, for example on how to reduce nutrient inputs and how to alleviate compaction in grasslands by aeration. Long-term management effects that go back at least 6 years, but possibly up to 30 years ago or longer, were still evident in soil properties and resultant water quality. Such long response times are known to occur (Burt et al., 2011) . Full SOM turnover times have been estimated to take approximately 36 years (Balesdent et al., 1987) , and long-term surface nutrient accumulations in grasslands can have a long-lasting effect on elevated nutrient concentrations in surface waters (Schärer et al., 2007) . Therefore, there might be decadal time lags between agricultural management and its effects on soil and water quality. Such long-term effects of management might indicate how long it can take for water quality to improve after the implementation of mitigation measures (decades). Measures implemented over the past few years might still be effective in the future. Consequently, our expectations on the time it takes for water quality to improve need to be adjusted where long-term monitoring is required.
Differences in nutrient status of the soil between the fields, the spatial variation of properties within the fields and differences in resulting water quality between fields confirm that intensively managed grassland fields, even on similar soil types, cannot be treated as homogeneous management units. Water quality, productivity and economic benefits might result from sampling the soil of every field and matching nutrient inputs to their status in the soil. Furthermore, it might be beneficial to take into account the existing spatial variation within fields, which is done with precision farming in arable areas. For example, the two parts of fields 2 and 8 could be treated as different management units (McCormick et al., 2009) . The variogram ranges from our research suggest sampling intervals of 13-60 m (approximately a third of the range of spatial dependence as a 'rule of thumb'), depending on the soil property of interest.
Sampling at resolutions of < 50 m would be time-consuming and costly, but the commonly used 'W-pattern' across a field to obtain a single bulked sample will not reveal any spatial variation. To optimize sampling, farmers could take a systematic approach to sampling based on the results in this paper. Areas with different management histories, different soil types or differences in crop yield could be sampled strategically.
Establishment of a suitable calibration between future control and treatment sites
The monitoring of soil and water quality provides a robust baseline for future comparisons and for future paired catchment studies.
This research has shown that the fields are suitable for a paired catchment approach, which does not require fields to have the same nutrient concentration in soil or discharge water. The fields must, however, respond to rain similarly in terms of the generation of discharge and the behaviour of pollutants with discharge (tested by correlation of time series) (Jokela & Casler, 2011; Schilling et al., 2013) . The correlations between the future control field (5) and future treatment fields (2 and 8) were strong in terms of hydrology and water quality properties throughout the entire time series (Schilling et al., 2013) .
The baseline characterization presented here will enable a robust comparison of future soil and water quality with their baseline qualities. Any change in mean soil properties and their spatial variation and distribution within fields, together with any change in the components of the soil to the water source-mobilization-delivery continuum, can be considered as future management effects with some confidence (Jokela & Casler, 2011; Wall et al., 2011; Schilling et al., 2013) .
Conclusions
The results from this research have the following important implications.
• Agricultural fields with different management histories, but the same land use, cannot be assumed to be similar in terms of soil properties or their spatial distribution, which emphasizes the importance of baseline characterization and paired catchment studies. Past management can have a long-term effect on soil properties and diffuse losses. Long-term management must be taken into account when soil and water quality data are interpreted.
• The baseline characterization will enable the identification of future changes in management with some confidence.
• Permanent grasslands require careful management to avoid accumulation of surface nutrients and soil compaction. Benefits in potential herbage yield and water quality could be gained from intensive soil sampling of every field to enable site-specific management.
• Permanent grasslands will not necessarily reduce diffuse pollution. Long-term effects of management indicate that it can take decades for water quality to improve.
